INTRODUCTION
impose the necessity of finding a suitable alternative. Application of substances of natural origin as crop protectants could be a convenient solution, safe for both human health and the environment.
Antimicrobial properties of certain essential oils have already been known for a long time (Chamberlain, 1887) , but their efficacy against mycopathogenic fungi has not been well documented. Essential oils isolated from savory (Satureja thymbra) and sage (Salvia pomifera ssp. calycina) were investigated for antifungal activity against M. perniciosa; the oil of S. thymbra expressed better antifungal activity against M. perniciosa than S. pomifera oil (Glamoclija et al., 2006) . Previous in vitro experiments (Tanovic et al., 2007) showed that the volatile phase of certain essential oils such as those of Scots pine, eucalyptus, juniper, orange, rosemary, and thyme, applied at a concentration of 0.65 µl/ml of air, inhibited mycelial growth of soilborne pathogens: Fusarium spp., Rhizoctonia sp., and Pythium sp. In addition, application of thyme essential oil at a concentration of 1000 µl/l effectively controlled cucumber dumping-off disease (Tanovic et al., 2004) and dry bubble disease of button mushrooms caused by V. fungicola var. fungicola (Potocnik et al., 2005) . Accordingly, the objectives of this study were to investigate antimicrobial activity of several essential oils against V. fungicola var. fungicola, M. perniciosa, and Cladobotryum sp. in vitro and determine chemical composition of the oils expressing the highest antimicrobial activity. 
MATERIALS AND METHODS

Test organisms
Inoculum preparation
The fungal pathogens V. fungicola var. fungicola, M. perniciosa, and Cladobotryum sp. were prepared as a conidial suspension (approximately 10 6 conidia/ml). The isolates were initially grown for 14 days on potato-dextrose-agar (PDA) plates. Conidia were harvested by flooding the plates with 10 ml of sterile distilled water and Tween 20 (v/v 0.01%), followed by filtration through a double layer of cheesecloth.
Toxicity of essential oils 'in vitro'
Antifungal activity was tested on PDA in glass Petri plates (R = 90 mm) inoculated with the investigated strains by pipetting 20 µl of the conidial suspension into a well cut in the center of the plate (R = 10 mm). The isolate was exposed to the volatile phase of essential oils for seven days at 20 o C. The oils were applied as a drop onto the inner side of plate covers at concentrations of 0.02, 0.04, 0.08, 0.16, and 0.32 μl/ml of the air inside the Petri plates using a micropipette. The bottoms of the plates were immediately placed on the covers. The plates were left up-side-down and sealed by parafilm to prevent gas exchange with the outside environment. Inhibition of the mycelial growth was estimated four days after the treatment by measuring radial growth of the isolate treated with different concentrations of the oils and compared to the control. Seven days after the treatment, the plates were observed for initial mycelial growth without measuring. Concentrations of an oil which completely inhibited mycelial growth after seven-day exposure at 20ºC were considered to be fungistatic and the lowest of these concentrations was determined as the minimum inhibitory concentration (MIC). Afterwards, the plates were opened and ventilated in a laminar flow hood for 30 min in order to remove volatiles and determine the fungicidal effect. The concentrations of oil were considered to be fungicidal if microbial growth was not observed seven days after ventilation. The lowest concentration with fungicidal effect was defined as the minimum fungicidal concentration (MFC). Four replicates per treatment were used and the experiment was repeated twice.
Analysis conditions
Qualitative and quantitative analysis of essential oils was performed by gas chromatography using two detector types. A Hewlett-Packard gas chromatograph (HP-5890 Series II) was equipped with a split-splitless injector, an HP-5 capillary column (25 m, 0.32 mm i.d., 0.52 μm film thickness), and a flame ionization detector (FID). Injector and detector temperatures were set to 250 and 300 º C, respectively, while the hydrogen flow rate was 1 ml/ min -1 . Column temperature was programmed linearly in the 40-260 º C temperature range at 4 º C/min. Analyses with a mass spectrometer (MS) as detecting device were conducted using an HP G 1800C Series II analytical system. The same temperature program was used, while separation was performed by an HP-5MS column (30 m, 0.25 mm i.d., 0.25 μm). Helium was utilized as a carrier gas and the MS transfer line temperature was set to 260 º C. The mass detector was operated in the electron impact (EI) mode (70 eV; 40-400 m/z range). Ethanol solutions (1%) of oil samples (1 μl) were injected in a split mode (split ratio of 1: 60). Identification of essential oil components was performed using various mass spectral libraries (NIST/Wiley).
RESULTS
Antimicrobial activity of essential oils
The growth rate of the isolates was partially or completely inhibited by all tested essential oils applied at 0.02-0.32 μl/ml of air. A 100% growth inhibition of these species was achieved by several oils at 0.32 μl/ ml of air after four-day exposure. The most sensitive species was M. perniciosa; the growth of this pathogen was fully inhibited by all the oils at 0.02 μl/ml air after four-day exposure. Among the investigated oils, the most effective was oregano oil, which totally inhibited the growth of all three mycopathogenic isolates at 0.02 μl/ml of air, while the same concentration of the other oils caused only partial inhibition of the pathogens. The only exception was geranium oil, which was lethal to M. perniciosa at 0.02 μl/ml of air. Inhibitory effects of the other tested oils varied depending on the pathogen (Figs. 1 and 2) .
Toxicity of essential oils
The results obtained seven days after oil applica-tion confirmed that the oils varied in their toxicity to V. fungicola var. fungicola, M. perniciosa, and Cladobotryum sp. isolates (Table 1 ). The obtained MIC and MFC values of the investigated oils ranged from 0.02 to more than 0.32 μl/ml of air. Oregano essential oil exhibited the highest level of toxicity to all isolates tested, with an MFC value of 0.02 μl/ml, following by geranium oil, whose MFC value ranged from 0.02 to 0.16 μl/ml of air. Lavender, chamomile, and sage oils, applied at 0.16 μl/ml of air, did not exert a lethal effect on any of the isolates (Table 1) .
Essential oil composition
Among 45 components detected in oregano essential oil, 15 constitute almost 95% of the oil mass (Table 2) , while concentrations of the others are in the 0.06-0.7% range. Carvacol and thymol were the dominant components, exeeding 79% of the oil.
In geranium oil, 54 components were identified, 27 of which were present in low concentration (less than 0.3%). Table 3 presents only components which participated in the mixture in percentages higher than 0.4%, such components constituting 91.7% of the oil.
DISCUSSION
Our results indicated that some essential oils had an ability to suppress growth of V. fungicola var. fungicola, M. perniciosa, and Cladobotryum sp. isolates in vitro. Among the eight essential oils analyzed, those of oregano and geranium expressed the strongest antifungal activity against all of the investigated mycopathogens. Essential oils had previously been reported to have antimicrobial effects (Wilson et al., 1997; Suhr and Nielsen, 2003; Tanovic at al., 2004; Knezevic-Vukcevic et al., 2005; Mitic-Culafic et al., 2005; Ciric et al., 2008; Dzamic et al., 2008; Stanojevic et al., 2008) . For instance, Daferera et al. (2003) reported strong activity of essential oils against the phytopathogenic fungi Botrytis cinerea and Fusarium sp. A fungistatic effect of certain oils on Fusarium culmorum and Alternaria alternata has also been demonstrated (Byron and Hall, 2002) . Studies of the antifungal activity of several essential oils (Tanovic et al., 2004 (Tanovic et al., , 2007 against soil-borne plant pathogens including Pythium sp., Verticillium albo-atrum, and Rhizoctonia sp. showed that some of them had a strong inhibitory effect. Wilson et al. (1997) recorded that among the 49 essential oils tested, red thyme, cinnamon leaf, and clove bud oils showed the highest antifungal activity against B. cinerea, followed by oregano oil with a satisfactory effect. Oregano oil was also effective in suppress- ing fumonisin B 1 production by F. proliferatum in maize grain (Velluti et al., 2003) . Furthermore, this oil was highly effective in controlling internal wheat fungi in in vivo experiments (Paster et al., 1995) . Screening experiments with 11 essential oils including those of oregano and sage against Bacillus cereus, a pathogen associated with food-borne disease of humans caused by toxins, showed oregano oil to be an effective growth inhibitor (Valero and Salmeron, 2003) . These results demonstrated a broad spectrum of activity of oregano oil in suppressing microbial growth and indicated possible use of the oil in integrated management of various diseases.
Natural plant-derived fungicides should provide a wide variety of compounds as alternatives to synthetic fungicides, ones safe for both human health and the environment (Cutler and Hill, 1994; Daferera et al., 2003) . Although the cost-effectiveness of oil application must be taken into account, this study justifies further research on practical use of essential oils for the control of V. fungicola var. fungicola, M. perniciosa, and Cladobotryum sp.
